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ABSTRACT

Herein, we report a straight-forward sequential acylation-Finkelstein approach to achieve
iodination of amine containing bioactives. The utility was demonstrated by successful
radiolabelling with 121 in high radiochemical yield. Moreover, microwave-assisted Finkelstein
reaction can be employed to enhance conversion and reaction rates to obtain the desired iodides.
The method is of interest for radioiodination of amine-containing bioactives. The mechanistic
details of the iodination process were studied by kinetics and density functional theory (DFT)
calculations, which revealed the mechanistic complexity of the reaction involving amide group
anchimeric assistance. We disclose a number of fundamental aspects of amide group anchimeric

assistance in substitution reactions.



INTRODUCTION

Continued advances in medical imaging require effective and versatile radiolabeling methods.
Imaging techniques, such as Single Photon Emission Computed Tomography (SPECT) and
Positron Emission Tomography (PET), increasingly employ radiolabeled bioactive organic
molecules as radiotracers. Important criteria for production of clinical radiotracers are; rapid
radiolabeling reaction rates, high radiochemical yield (RCY) and high specific activity.!*! Herein,
we disclose a straight-forward radioiodination protocol for bioactives based on a sequential
acylation-Finkelstein approach. However, the mechanistic complexity of the substitution process
requires careful consideration before this strategy can be applied, and, as such, we have conducted

in-depth mechanistic analyses to reveal the detailed nature of the processes involved.

The intramolecular nucleophilic participation of functional groups adjacent to reactive
centers, commonly known as anchimeric assistance, has been widely studied by the physical
organic chemistry community over the past 60 years or so0.[2®1 However, anchimeric assistance by
amide groups has only been sparsely reported™® despite recent studies indicating its importance in
biological systems, such as catalytic enzyme glycoside bond breakage in O-GIcNAcases and B-
hexosaminidases.'>4 A study by Garavelli and co-workers!*® reported experimental and
computational evidence for amide group anchimeric assistance in acid-catalyzed ether cleavage
reactions. A thorough general understanding of the thermodynamic and Kinetic details of
anchimeric assistance provided by amide groups is lacking, and would be a valuable addition to the
reaction design toolkit and to the enhanced understanding of the role of amide groups in biological

systems.

The use of anchimeric assistance by adjacent amino groups as a strategy to enhance
introduction of radioactive fluoride was recently described by Médoc and co-workers, in which
radiosubstitution via activated aziridinium intermediates was shown to successfully lead to 8F-
labelling (Scheme 1A).11 Inspired by the previous works, and the need to enhance fundamental
understanding of amide group anchimeric assistance, we decided to explore a straight-forward
acylation-Finkelstein strategy (Scheme 1B) for iodide incorporation. Despite the weak bond
strength of the C-I bond relative to the C-Cl bond, the Finkelstein reaction is driven forward by the



precipitation of sodium chloride in the solvent (typically acetone), thereby rendering the chloride
displacement irreversible.l'-8 At certain chain lengths (n = 2 - 7), one might expect the adjacent
amide group to engage in anchimeric assistance in the displacement of the chloride ion - in
competition with direct bimolecular substitution. The effects of this mechanistic complication are
a major topic of this paper.

(A) Anchimerically assisted radiofluorination by Médoc et al.
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Scheme 1: Use of anchimerically assisted radiofluorination by Médoc et al.'él (A) versus

acylation/Finkelstein approach (B, current work).

In this paper we aim to; (1) disclose our studies of the acylation-Finkelstein approach to
iodination and radioiodination of a bioactive model molecules, and; (2) unravel the mechanistic
complexity involved in the substitution processes - in particular the influence of amide group
anchimeric assistance. We have explicitly studied the latter using combined experimental and
computational techniques. We have compared relative rates of substitution depending on carbon
chain lengths and the ring size of the activated intermediate electrophile. Since amide groups have
not been extensively studied for their ability to effect anchimeric assistance, we have conducted a
detailed computational study of the mechanistic details of such processes using density functional
theory (DFT) calculations. These studies are necessary to guide future applications of this

iodination strategy to other bioactives, and they provide a fundamental insight into the details of



amide group anchimeric assistance. To validate our approach for radioiodination, we have

demonstrated that an acylated analogue of a bioactive molecule can be effectively radiolabelled.

EXPERIMENTAL DETAILS
General experimental details

All solvents and reagents were obtained from Sigma Aldrich (Sigma-Aldrich Norway AS) except
Na'?®l. Na'?’l was obtained from GE Healthcare. Instruments used: Microwave Anton Parr
Monowave 300®, Biotage SP1 Flash Chromatography systems®, HRMS: Thermo scientific LTQ
Orbitrap XL + Electrospray ion source (ION-MAX) — The instrument was made at Thermo’s
factory in Bremen, Germany, IR: Varian 7000e FT-IR spectrometer, Pike miracle ATR. NMR: 400
MHz Briiker Avance 111 HD equipped with a5 mm SmartProbe BB/1h (BB = 19F, 31p-15N), HPLC
systems: Waters 2545 HPLC pump. Waters 2998 PDA detector, 200-500nm. Waters 2767 sample
manager. XBridge® prep C18 5um OBD'™ 19x250mm column. UPLC systems: Acquity UPLC H
class. Acquity column manager. Acquity PDA detector. Acquity UPLC® BEH C18 1.7 pm.
2,1x50nm column, Determination of purity by UPLC: Column at 50°C, the same method used for
all analyses. Method: 0,6 mL/min. initial % H20 0.1% TFA (Trifluoroacetic acid), 5%
ACN(Acetonitrile) 0.1% TFA. Then linear change during 10 minutes to 50% H»0 0.1% TFA, 50%
Acetonitrile 0.1% TFA. Semi-preperative HPLC for radiochemistry: DIONEX HPLC system,
HPLC pump P680, automated sample injector ASI-100, PDA-detector PDA-100 with XBridge®
prep C18 5um OBD'™ 19x250mm column, analytical XBridge® C18 3pum 2.1x150 mm column and
“Radioactivity flow detector for HPLC LB 509” (BERTHOLD TECHNOLOGIES). All

experiments were repeated at least twice.

Chemical synthesis protocols and characterization
2-(4-tert-Butylphenyl)-4-(piperazin-1-yl)-1H-benzo [d]imidazole (1)

Compound 1 was obtained as previously described,*%! as a white powder (489 mg, 96% yield).
Purity 97.2% H-NMR (400MHz DMSO-d6), & in ppm=9.67 (Br s, 1H), 8.49 (d, 8.0 Hz, 2H),
7.71(d, 8.0 Hz, 2H), 7.53(d, 8.0 Hz, 1H), 7.48 (t, 1H), 7.13 (d, 8.0 Hz, 1H), 3.45-3.37(m, 8H), 1.34
(s, 9H). 13C-NMR (101 MHz DMSO-d6), & in ppm = 156.5, 148.9, 139.5, 132.9, 129.2, 126.7,



126.1, 125.4, 120.2, 114.0, 108.4, 47.8, 42.7, 35.1, 30.8. HRMS (ESI) [M+H]" for C21H27N4 m/z
Found 335.2236, Calculated: 335.2236. IR (Neat) 2955, 2689, 2466, 1622, 1459, 1383.

1-(4-(2-(4-tert-butylphenyl)-1H-benzo[d]imidazol-4-yl) piperazin-1-yl)-2-chloroethanone (2a)

0.2 g (0.6 mmol) of 2-(4-tert-Butylphenyl)-4-(piperazin-1-yl)-1H-benzo[d]imidazole (1) was
added to a solution containing 12 ml DMF (anhydrous) and 0.31ml (1.86 mmol, 3 equiv.)
diisopropyl ethylamine (DIPEA). The solution was cooled down to 0°C in an ice bath under inert
conditions and 0.15ml (1.86 mmol, 3 equiv.) chloroacetyl chloride was added at 0°C. The solution
was stirred for 1 hour and then warmed to 27°C. The reaction was monitored by TLC. DMF was
then evaporated on a rotavap. The reaction mixture was chromatographed on biotage SP1 flash
chromatography systems by a Biotage snap ultra C18rp 12g column. 15 ml/min. At 20 minutes
linear change to 100% ACN. Fractions were collected and the solvents were removed by
evaporation to provide a white powder (166 mg, 67% yield). Purity 97.21% 'H NMR (400 MHz,
Methanol-d4) & 8.02 (d, J = 8.4 Hz, 2H), 7.57 (d, J = 8.4 Hz, 2H), 7.22 (d, J = 7.9 Hz, 1H), 7.16 (t,
J=7.8Hz, 1H), 6.74 (d, J = 7.5 Hz, 1H), 4.31 (s, 2H), 3.85 (dt, J = 16.1, 5.2 Hz, 2H), 3.40 (t, J =
5.0 Hz, 2H), 3.37 — 3.32 (m, 2H), 1.36 (s, 9H). *C NMR (101 MHz, Methanol-d4) § 167.7, 155.0,
152.0, 142.9, 138.8, 134.8, 127.9, 127.8, 127.0, 125.0, 110.8, 108.3, 52.1, 51.6, 47.4, 43.4, 42.0,
35.8, 31.6. HRMS (ESI) [M+H]" for C23H2860N4CI m/z Found 411.1955. Calculated 411.1946 IR
(Neat) 2961, 1644, 1437, 1234, 1015, 842, 788, 738.

1-(4-(2-(4-tert-butylphenyl)-1H-benzo[d]imidazol-4-yl)piperazin-1-yl)-2-iodoethanone (4a)

58 mg (0.15mmol) of compound 2a was added to a solution of 5 ml acetone and 500 mg (3.3
mmol, 25 equiv.) Nal. The reaction was stirred for 1 hour. The reaction mixture was filtered and
then chromatographed on Biotage SP1 flash chromatography systems using a Biotage snap ultra
C18rp 12g column. 15 ml/min. At 20 minutes linear change to 100% ACN. Fractions were collected
and the solvents were removed by evaporation to provide a white powder (23 mg, 32% vyield).
Purity 95.38%. 'H NMR (400 MHz, Acetone-ds) & 8.15 (d, J = 8.3 Hz, 2H), 7.57 (d, J = 8.3 Hz,
2H), 7.19 - 7.00 (m, 2H), 6.63 (d, J = 7.1 Hz, 1H), 3.97 (s, 2H), 3.78 (s, 4H), 3.72 (s, 2H), 3.54 (s,
2H), 1.36 (s, 9H). 3C NMR (101 MHz, Acetone-ds) 5 166.9, 153.6, 149.9, 143.2, 138.1, 136.0,
128.6, 127.2, 126.6, 124.2, 108.3, 105.9, 50.5, 50.2, 47.9, 42.7, 35.4, 31.5, 2.3 HRMS (ESI)



[M+H]" for C23H280N4l m/z Found 503.1300. Calculated 503.1308 IR (Neat) 2961, 1637, 1437,
1015, 841, 788, 737.

1-(4-(2-(4-tert-butylphenyl)-1H-benzo[d]imidazol-4 yl)piperazin-1-yl)-3-chloropropan-1-one (2b)

0.2 g (0.54 mmol) 1 was added to a solution containing 5 ml DMF (anhydrous) and 0.26 mL
(1.62 mmol, 3 equiv.) DIPEA. The solution was cooled to 0°C with an ice bath under inert
conditions and 0.14 mL (1.62 mmol, 3 equiv.) chloropropinoyl chloride 3b was added at 0°C. The
solution was warmed to room temperature and stirred for 18 hours. The solvents were evaporated
by a rotavapor. The reaction mixture was then diluted with DCM and chromatographed on Biotage
SP1 flash chromatography systems using a Biotage snap ultra C18rp 12g column. 15 mL/min. At
20 minutes linear change to 100% ACN. The solvents were removed by evaporation to provide a
white powder (99 mg, 46.7% yield). Purity 97.97% 'H NMR (400 MHz, Acetone-ds) & 8.15 (t, J
=9.0, 7.3 Hz, 2H), 7.55 (d, J = 7.1 Hz, 2H), 7.17 — 7.03 (m, 2H), 6.60 (d, J = 6.5 Hz, 1H), 3.85 (t,
J=7.7,7.3Hz, 2H),3.78 (dd, J = 35.9, 8.7 Hz, 4H), 3.64 (s, 2H), 3.53 (d, J = 4.7 Hz, 2H), 2.93 (d,
J =6.7 Hz, 2H), 1.35 (s, 9H). 1*C NMR (101 MHz, Acetone-ds) & 168.55, 153.51, 149.87, 143.29,
138.08, 136.03, 128.65, 127.17, 126.53, 124.20, 108.26, 105.86, 50.94, 50.41, 46.07, 42.28, 41.06,
36.50, 35.33, 31.48 HRMS (ESI) [M+H]" for C24H300ON4Cl m/z Found 425.2099. Calculated
425.2108 IR (Neat) 2964, 1629, 1465, 1438, 1197, 1130, 1014.

1-(4-(2-(4-tert-butylphenyl)-1H-benzo[d] imidazol-4-yl)piperazin-1-yl)-3-iodopropan-1-one (4b)

0.047 g (0.11 mmol) of 1-(4-(2-(4-tert-butylphenyl)-1H-benzo[d]imidazol-4-yl)piperazin-1-yl)-
3-chloropropan-1-one (compound 4a) was added to a solution containing 3 mL acetone and 0.1 g
(0.66 mmol, 5.0 equiv.) Nal. The solution was heated to 55°C under reflux and stirred for 16 hours.
Then the solution was filtered and transferred to a vial for HPLC. Method for HPLC separation: 25
mL/min. Initial 95% H>0, 5% ACN and 0.1% TFA. At 15 minutes linear change to 5% H>0, 95%
ACN 0.1% TFA. The product fractions were collected and lyophilized to give a white powder (23
mg, 37% yield). Purity 95.38%. 'H NMR (400 MHz, Acetone-de) & 8.22 (d, J = 8.7 Hz, 2H), 7.66
(d, J=8.7 Hz, 2H), 7.45 (d, J = 8.1 Hz, 1H), 7.38 — 7.30 (m, 1H), 6.98 (d, J = 7.8 Hz, 1H), 3.81 (s,
4H), 3.50 — 3.34 (m, 4H), 3.29 (s, 2H), 3.09 (t, J = 7.3 Hz, 2H), 1.37 (s, 9H). 13C NMR (101 MHz,
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Acetone-ds) 6 169.5, 156.6, 150.1, 141.7, 141.6, 135.5, 129.6, 128.7, 127.1, 126.7, 126.6, 123.5,
113.2, 108.6, 52.1, 51.6, 45.8, 42.2, 37.7, 35.7, 31.3, -0.5. HRMS (ESI) [M+H]" for C24H30ONal
m/z Found 517.1462. Calculated 517.1459. IR (Neat) 3232, 2961, 1710, 1616, 1476, 1360, 1235,
1022.

1-(4-(2-(4-tert-butylphenyl)-1H-benzo[d]imidazol-4-yl)piperazin-1-yl)-4-chlorobutan-1-one (2c)

0.2 g (0.54 mmol) 2-(4-tert-Butylphenyl)-4-(piperazin-1-yl)-1H-benzo[d]imidazole (1) was
added to a solution containing 5 ml DMF (anhydrous) and 0.28 ml (1.62 mmol 3 equiv.) DIPEA.
The solution was cooled down to 0°C in an ice bath under inert conditions and 0.9 mL (1.6 mmol,
3 equiv.) chlorobutanoyl chloride 3c was added at 0°C. The solution was warmed to room
temperature and stirred for 2 hours. The reaction was monitored by TLC. The reaction mixture was
transferred to a separatory funnel. First 0.2 mL 1M HCI was added then 40 mL of water followed
by 1M NaOH to give a pH 7-8. The solution was washed with 3x40 mL DCM. The organic phase
was dried over sodium sulfate and filtered. Then the residue was dissolved in DCM and
chromatographed on biotage SP1 flash chromatography systems using a Biotage snap ultra C18rp
12 g column. Flow rate: 15 ml/min. 20 minutes linear change to 100% ACN. Fractions were
collected and the solvents were removed by evaporation to provide a white powder (105 mg, 44%
yield). Purity 95.83%. 'H NMR (400 MHz, Acetone-ds) 6 11.87 (s, 1H), 8.14 (ddt, J = 25.2, 12.5,
8.2, 6.4 Hz, 2H), 7.66 — 7.37 (m, 3H), 7.25 - 6.86 (m, 2H), 6.58 (dd, J = 6.8, 2.0 Hz, 1H), 3.80 (q,
J=4.6 Hz, 4H), 3.71 (t, J = 6.5 Hz, 4H), 3.59 (d, J = 5.6 Hz, 2H), 2.61 (t, J = 7.0 Hz, 2H), 2.11 (q,
J=6.8 Hz, 2H), 1.37 (s, 9H). 1*C NMR (101 MHz, Acetone-ds) & 170.4, 153.5, 149.5, 143.9, 137.3,
137.0, 128.9, 127.0, 126.6, 124.3, 107.6, 104.7, 50.8, 50.3, 46.1, 45.6, 42.2, 35.4, 31.5. HRMS
(ESI) [M+H]" for C2sH320N4Cl m/z Found 439.2257. Calculated 439.2259. IR (Neat) 2962, 1592,
1463, 1269, 1017, 842.

2-(4-tert-butylphenyl)-6-iodo-4-(piperazin-1-yl)-1H-benzo[d]imidazole (5)

0.36 g 1-(4-(2-(4-tert-butylphenyl)-1H-benzo[d]imidazol-4-yl)piperazin-1-yl)-4-chlorobutan-1-
one (0.81 mmol, 1 equiv.) was added to a solution containing 1.22 g Nal (8.1 mmol, 10 equiv.) and
10 mL of acetone. The solution was heated to 55°C under reflux and stirred for 16 hours. Then the
solution was filtered and transferred to a vial for HPLC. Method for HPLC separation; flow rate
25ml/min. Initial 95% H20 0.1% TFA, 5% ACN. 15 minutes linear change to 5% H>0, 95% ACN
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0.1% TFA. The product fractions were collected and lyophilized to give white powder (73.5 mg,
20%). Purity 95.21%.1H NMR (400 MHz, DMSO-de) & 9.32 (s, 1H), 8.22 (d, J = 8.4, 1.8 Hz, 1H),
7.57 (d, 1H), 7.49 (d, J = 8.2 Hz, 1H), 6.56 (d, J = 7.8 Hz, 1H), 3.35 (s, 8H), 1.34 (d, J = 1.7 Hz,
9H). 13C NMR (101 MHz, DMSO-ds) & 152.8, 131.8, 127.3, 126.8, 125.4, 99.5, 68.3, 60.2, 46.6,
42.7, 34.6, 31.0, 27.4, 21.8.HRMS (ESI) [M+H]" for C21H26N4l m/z Found 461.1205. Calculated
461.1197 IR (Neat): 2963, 2839, 1619, 1489, 1273, 1023.

1-(4-(2-(4-tert-butylphenyl)-1H-benzo[d]imidazol-4-yl) piperazin-1-yl)-5-chloropentan-1-one (2d)

0.15 g (0.405 mmol) 2-(4-tert-Butylphenyl)-4-(piperazin-1-yl)-1H-benzo[d]imidazole (1) was
added to a solution containing 5 ml DMF (anhydrous) and 0.21 mL (1.2 mmol, 3 equiv.) DIPEA.
The solution was cooled down to 0°C in ice bath, under inert conditions and 0.16 mL(1.2 mmol, 3
equiv.) chlorovaleroryl chloride 3d was added at 0°C. The solution was then warmed to room
temperature and stirred for 18 hours. The solvent was evaporated on a rotavapor. The residue was
then dissolved in DCM and chromatographed on Biotage SP1 flash chromatography systems by a
Biotage snap ultra C18rp 12g column. Flow rate: 15 ml/min. 20 minutes linear change to 100%
ACN. 'H NMR was obtained, but the compound showed impurities. The compound was then
further purified on HPLC. Method for HPLC separation, 25 mL/min. Initial 95% H20 0.1% TFA,
5% ACN 0.1% TFA. At 15 minutes linear change to 5% H.0O 0.1% TFA, 95% ACN 0.1% TFA.
Fractions were collected and solvents were removed by evaporation to provide a white powder. (44
mg, 24% yield). Purity 99.46%. *H NMR (400 MHz, Acetone-ds) & 11.92 (s, 1H), 8.34 — 8.01 (m,
2H), 7.68 — 7.46 (m, 2H), 7.17 — 7.03 (m, 2H), 6.58 (s, 1H), 3.78 (d, J = 14.9 Hz, 4H), 3.68-3,55
(m, 6H), 2.47 (t, 2H), 1.90 — 1.80 (m, 2H), 1.80 — 1.70 (m, 2H), 1.36 (s, 9H). 13C NMR (101 MHz,
Acetone-ds) 8 171.2, 153.4, 149.6, 143.9, 137.3, 137.0, 128.8, 127.1, 126.5, 126.5, 124.2, 107.6,
104.7, 50.9, 50.3, 46.2, 45.6, 45.6, 42.2, 35.3, 33.1, 32.6, 31.5, 23.3. HRMS (ESI) [M+H]" for
C26H340N4Cl m/z Found 453.2413. Calculated 453.2416. IR (neat) 2966, 1631, 1465, 1438, 1198,
1131, 1015.

1-(4-(2-(4-tert-butylphenyl)-1H-benzo[d]imidazol-4-yl) piperazin-1-yl)-5-iodopentan-1-one (4d)

0.02 g (0.044 mmol) 1-(4-(2-(4-tert-butylphenyl)-1H-benzo[d]imidazol-4-yl)piperazin-1-yl)-5-
chloropentan-1  one (2d) was added to a solution containing 2 ml of acetone and 66 mg (0.44

mmol, 10 equiv.) Nal. The solution was heated to 160°C in the microwave for 5 minutes. The
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reaction mixture was filtered and separated by HPLC. HPLC method used for separation; 25ml/min.
initial 95% H>0 0.1% TFA, 5% ACN 0.1% TFA. At 15 minutes linear change to 5% H>0 0.1%
TFA, 95% ACN 0.1% TFA. After HPLC purification, the compound was lyophilized to provide a
white powder (6.2 mg, 26% yield). Purity 99.14%.'"H NMR (400 MHz, Acetone-dg) & 8.25 (d, J =
8.5 Hz, 2H), 7.67 (d, J = 8.4 Hz, 2H), 7.49 (d, J = 8.1 Hz, 1H), 7.36 (t, J = 8.0 Hz, 1H), 7.01 (d, J =
7.8 Hz, 1H), 3.84 — 3.67 (m, 4H), 3.38 —3.21 (m, 6H), 2.48 (t, J = 7.3 Hz, 2H), 1.96 — 1.82 (m, 2H),
1.77 — 1.67 (m, 2H), 1.37 (s, 9H). 13C NMR (101 MHz, Acetone-dg) & 171.2, 156.7, 150.1, 141.6,
135.3,129.3,128.9, 127.1, 126.8, 123.3, 113.5, 108.7, 52.2, 51.8, 48.3, 46.0, 44.5, 42.0, 35.7, 34.0,
32.2, 31.3, 26.8, 7.5. HRMS (ESI) [M+H]" for C2H34ON4l m/z Found 545.1765. Calculated
545.1772. IR (neat) 2961, 2923, 1712, 1609, 1361, 1258, 1235, 1012,

1-(4-(2-(4-tert-butylphenyl)-1H-benzo[d]imidazol-4-yl) piperazin-1-yl)-6-chlorohexan-1-one (2e)

0.089 g (0.23 mmol) 2-(4-tert-Butylphenyl)-4-(piperazin-1-yl)-1H-benzo[d]imidazole (1) was
added to a solution containing 5 ml DMF (anhydrous) and 0.01 ml (0.69 mmol, 3 equiv.) DIPEA.
The solution was cooled down to 0°C in an ice bath under inert conditions and 0.08 ml (0.69 mmol,
3 equiv.) chlorohexanoyl chloride 3e was added at 0°C. The solution was warmed to room
temperature and stirred for 18 hours. The solvent was evaporated on a rotavapor. The residue was
then dissolved in DCM and chromatographed on Biotage SP1 flash chromatography systems by a
Biotage snap ultra C18rp 12g column. Flow rate: 15 ml/min. At 20 minutes linear change to 100%
ACN. The solvents were removed by evaporation to provide a white powder (104 mg, 65% yield).
Purity 99.17%. *H NMR (400 MHz, Acetone-ds) 5 11.91 (s, 1H), 8.16 (dd, J = 8.3, 3.0 Hz, 2H),
7.58 (dd, J = 8.4, 2.8 Hz, 2H), 7.10 (d, J = 6.6 Hz, 2H), 6.59 (t, J = 4.1 Hz, 1H), 3.80 (s, 4H), 3.71
(s, 2H), 3.61 (dt, J = 18.9, 5.6 Hz, 4H), 2.46 (d, J = 7.9 Hz, 2H), 1.86-1,78 (m, 2H), 1.67-1,65 (m,
2H), 1.58 — 1.49 (m, 2H), 1.38 (m, 9H). *C NMR (101 MHz, Acetone-ds) & 171.3, 153.4, 149.5,
143.9, 137.3, 137.0, 128.9, 127.0, 126.6, 124.2, 107.6, 104.7, 50.9, 50.3, 46.3, 45.7, 42.2, 35.4,
33.3, 33.3, 315, 27.4, 25.3.. HRMS (ESI) [M+H]" for C27H3s0ON4Cl m/z Found 467.2566.
Calculated 467.2572 IR (Neat) 3197, 2981, 1619, 1479, 1433, 1233, 1019

1-(4-(2-(4-tert-butylphenyl)-1H-benzo[d]imidazol-4-yl) piperazin-1-yl)-6-iodohexan-1-one (4e)
0.077 g (0.165 mmol) of 1-(4-(2-(4-tert-butylphenyl)-1H-benzo[d]imidazol-4-yl)piperazin-1-
yl)-6-iodohexan-1-one (2e) was added to a solution containing 3 mL of acetone and 124 mg (0.83
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mmol, 5 equiv.) Nal. The solution was heated to 55°C under reflux and stirred for 16 hours. Then
it was filtered to and transferred to a vial for HPLC. Method for HPLC separation; 25 ml/min. initial
95% H.0 0.1% TFA, 5% ACN 0.1% TFA. At 13 minutes linear change to 5% H>0 0.1% TFA,
95% ACN 0.1% TFA. Product fractions were collected and lyophilized to provide white powder
(10 mg, 11% yield). Purity 98.22%. 'H NMR (400 MHz, Acetone-de) 6 8.32 — 8.17 (m, 2H), 7.69
(d, J = 8.6 Hz, 1H), 7.45 (d, J = 8.1 Hz, 1H), 7.36 (t, J = 8.0 Hz, 1H), 6.98 (d, J = 7.9 Hz, 1H), 3.83
(t, J =5.1 Hz, 4H), 3.43 (t, J = 5.0 Hz, 2H), 3.37 —3.25 (m, 4H), 2.48 (t, J = 7.4 Hz, 2H), 1.89-1,85
(m, 2H), 1.74 — 1.59 (m, 2H), 1.55-1,49 (m, 2H), 1.40 (s, 9H). 13C NMR (101 MHz, Acetone-ds) &
171.4,156.3, 150.2, 141.9, 135.9, 130.3, 128.6, 127.1, 126.4, 124.1, 112.7, 108.3, 52.1, 51.6, 46.1,
42.0, 35.7, 34.3, 33.2, 31.3, 31.0, 24.9, 7.7.. HRMS (ESI) [M+H]" for C27H3s0ONal m/z Found:
559.1935 Calculated: 559.1928. IR (neat) 2964, 2868, 1629, 1464, 1437, 1197, 1129.

Kinetics experiments

Compounds 2 (1 equiv.) were added to a solution of acetone-d6 (0.60 mL) and Nal (10 equiv.)
in an NMR tube. The reaction were monitored by *H-NMR, following the disappearance of 2 and
appearance of 4 by acquisition of a spectrum every 10 minutes over 12 hours unless otherwise
specified. For each compound the CH»-Cl peak was identified and the rate of the reaction was
monitored by the disappearance of the integral. Reaction of 2a to form 4a:10 mg (0.024 mmol, 1
equiv.) of 2a and 36 mg (0.24 mmol, 10 equiv.) Nal. Reaction of 2b to form 4b: 10 mg (0.024
mmol, 1 equiv.) 2b and 35 mg (0.24 mmol, 10 equiv.) Nal heated to 60°C. The reaction was
monitored by *H-NMR at 1h, 2h, 5 h, 8h and 11h. Reaction of 2c to form 4c: 10 mg (0.022 mmol,
1 equiv.) 2c and 33 mg (0.22 mmol, 10 equiv.) Nal, heated to 60°C. The reaction was monitored
by *H-NMR at 1h, 2h, 5h, 8h and 11h. Reaction of 2e to form 4e: 10 mg (0.021 mmol, 1 equiv.) 2e
and 32 mg (0.21 mmol, 10 equiv.) Nal heated to 60°C. The reaction was monitored by *H-NMR at
1h, 2h, 5h, 8h and 11h.

Radiolabeling of 4a non-carrier added

10 mL of Na'?l in water (37 MBg/mL at 99.9% purity at calibration time, specific activity
>186MBg/nmol) was obtained from GE Healthcare. Water was removed from Na'?®l by
evaporation overnight by a gentle stream of nitrogen gas. Then, 40 mg (0.1 mmol) of 2a was

dissolved in 2 mL of acetone and added 370 MBq (decay corrected to calibration time) Na'?®| at
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the start of the reaction. The solution was capped in a vial (Biotage microwave reaction glass vial
2-5mL), heated to 60°C and stirred for 1 hour. The product was then purified by radio-HPLC with
the HPLC method; 10ml/min. Initial 95% H-O, 0.1% TFA, 5% Acetonitrile (ACN) 0.1% TFA, then
linear change over 3 minutes to 40% H>O 0.1% TFA, 60% ACN 0.1% TFA, then linear change
over 7 minutes to 5% H>O 0.1% TFA, 95% ACN 0.1% TFA. Each fraction was collected and
solvents evaporated, then dissolved in PEG 400:water (4:6). An aliquot was then analyzed by
analytical radio-HPLC: 0.5 ml/min. Initial 95% H20 0.1% TFA, 5% Acetonitrile 0.1% TFA, then
linear change over 20 minutes to 5% H20 0.1% TFA, 95% ACN 0.1% TFA.

Microwave reactions

Reaction of 2b to 4b: 10 mg (0.024 mmol, 1 equiv.) of 7a was added to a solution of 2 mL of
acetone and 35 mg (0.24 mmol, 10 equiv.) of Nal. The solution was heated to 160°C in a microwave
reactor for 5 minutes, then filtered and analyzed by *H-NMR. Reaction of 2d to 4d: 20 mg (0.044
mmol, 1 equiv.) of 6d was added to a solution of 2 mL acetone and 66 mg (0.44 mmol, 10 equiv.)
of Nal. The solution was heated to 160°C in a microwave reactor for 5 minutes, then filtered and
analyzed by *H-NMR. Reaction of 2e to 4e: 20 mg (0.043 mmol, 1 equiv.) 2e was added to a
solution of 2 mL acetone and 32 mg (0.21 mmol, 5 equiv.) of Nal. The solution was heated to

160°C in a microwave reactor for 5 minutes, then filtered and analyzed by *H-NMR.

Computational Details

All the density functional theory (DFT) calculations were performed using the Gaussian 09 program
package.l”®! The ®B97XD functional,?! and 6-311G(d,p) basis sets?>%! were used for all the
calculation of the results used in the main paper. Solvent effects were corrected by using the
polarizable continuum model (PCM)4 in its integral equation formalism (IEFPCM).[?5-28] together
with acetone as a solvent. For the sake of validating the approach, we performed additional
calculations using PBE,[?-281 CAM-B3LYP?l and M06-LB% functionals (see the ESI). The
optimized geometries were confirmed to be real minima on the potential energy surface with no
imaginary frequencies by performing a normal-mode vibrational analysis at the same level of
theory. The transition state calculations were confirmed by the presence of an appropriate and a
single imaginary vibrational frequency. The Gibbs free energies were calculated at the standard

conditions and reported as kcal/mol.
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RESULTS AND DISCUSSION

Synthesis of test substrates

The key bioactive intermediate 1 was synthesised according to previously published procedures
in 37% overall yield from 2,6-difluoronitrobenzene (Scheme 2).1'¥ This template has been shown
to effect binding to the GnRH receptor while maintaining acceptable blood-brain barrier penetration
properties.[*®] Moreover, our approach relies on the presence of an N—H moiety amenable to

acylation chemistry which makes compound 1 an ideal test substrate.

H
N
F 5 steps [ ]
O2N ., N

B —

H
F 37% vyield \§ <> :N
\Y
N

Scheme 2: Synthesis of key intermediate 1.11%

Acylated chlorides 2a-e were generated as shown in Scheme 3. Treatment of 1 with chloroacyl
chlorides 3a-e in the presence of excess diisopropylethylamine (DIPEA) in DMF afforded products
2a-e in 24-67% yields (Scheme 3).

O 3a-e

)%Cl (3 equiv.) Ow
[ cl
n
DIPEA (3 equiv.) n vyield
(%)
DMF (22L/mol) N 67
1-18 h, 0, rt H
O
\
1 N

2a-e

DO OTD
ORhWNPRF
IS
[ee]

Scheme 3: Acylation of intermediate 1.

The halogen exchange reactions on 2a-e were conducted using excess Nal in acetone until full

conversion of the starting materials were observed (Scheme 4). In general, the isolated chemical
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yields were poor (11-37%). 2a proceeded readily at ambient temperature in 67% yield, whereas the
other analogues required heating to 55°C to achieve reasonable conversion rates. The low chemical
yields can also be coupled to incomplete precipitation of sodium chloride, which is a central driving
force for the Finkelstein reaction. In an attempt to boost yields and shorten reaction times, we
decided to try a microwave-assisted approach for compound 2d (n = 4). Treatment of compound
2d with 10 equivalents of sodium iodide in acetone for 5 minutes at 160°C in microwave, afforded
the desired product 4d in 26% yield. In *H-NMR we observed full conversion of all substrates, so
the poor isolated yields were likely due to instability issues in the work-up and isolation steps.
Interestingly, we were unable to isolate the expected product 4c (n = 3). The major isolated
compound was 5 in which the acyl chain was completely gone and an iodide had been substituted
on the benzimidazole core. An explanation for these observations will be discussed in the

mechanism section.

O%C' Owl
N
[Nj Nal (5-10 equiv.) [Nj " n y(.oe/(!?
N

Acetone
1-16 h, rt, reflux

2a-e

PO 0O TYD
arhWNPRF
P
T

&
OO

5 I

’d

Scheme 4: Finkelstein reactions on chloroamides 2a-e, and the identified compound 5 from the

reaction of 2c.

Reaction rates
In order to get a quantitative handle on the relative rates of halide substitution in the various
substrates, the reaction progress for the iodination reactions were monitored by *H-NMR. Semi-

logarithmic plots of the CH»-Cl peak integral versus reaction time would indicate whether the
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reactions display the expected pseudo-first order kinetics. The corresponding CHa-I peak signal
was also monitored to ensure conversion occurred to the desired product compounds. The
iodinations were performed in an NMR tube in deuterated acetone in which a proton NMR spectrum
was acquired every 10 minutes. The reaction rate of 2a was very high and formation of 4a was
complete before 10 minutes had passed. The other reactions were conducted at 60°C. Compounds
2b, 2d and 2e displayed clear pseudo-first order kinetics and the corresponding observed rate
constants (moduli of the slopes) are summarized in Figure 1. The rates are remarkably similar, but
the conversion of 2e (0.061 h™t) appeared to be the most rapid after 2a. The experimentally observed
rate constants (kobs) for initial disappearance of the starting acyl chloride must be understood in
terms of contribution from two mechanistic pathways as shown in Equation 1 and Scheme 5.
Kobs = (ksn2[17] + Kanchimeric) (Eq. 1)

where ksnz2 is the bimolecular rate constant from direct Sn2-substitution and Kanchimeric is the
unimolecular rate constant from cyclization of the amide. The similarity of the rates could suggest
significant contributions from both terms in the three cases. A detailed computational analysis was
conducted to obtain a deeper understanding of the data.

I B fl- _

O PN
I :0 OB O )
N m o m
[ j SN2 N Anchimeric N
- j ” @j
N kSNZ Anchimeric
R N h
R . R ]
7a-e (R =H) 6a-e (R = H) INT6a-e (R = H)

T

Scheme 5: Mechanistic pathways in the conversion of 6a-e (m = 0-3) model systems to products.
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Figure 1: Semi-logarithmic plots for the disappearance of 2b, 2d and 2e with corresponding linear

regression analyses.

Mechanistic analysis

A hypothesis in this work was that the anchimeric effect of the amide group could be employed
as a modulating element for the substitution reaction rate. Since amide group anchimeric assistance
is sparsely described in the literature,[*>31 and would be of great interest to the physical organic
chemistry community, we decided to pursue a deep mechanistic understanding of this phenomenon
in our system using density functional theory (DFT) calculations. We have assessed anchimerically
assisted pathways in addition to the direct Sn2 substitution mechanisms for all our model chain
lengths using ®B97XD/6-311G(d,p)/PCM/Acetone (see the Electronic Supporting Information
(ESI) for a discussion about the influence of different DFT methods). In the calculations, we have
employed simplified molecules 6a-e (Scheme 5, R = H) as models for 2a-e, where only an acylated
piperidine ring has been considered. As the remainder of the molecule is likely to not affect the

reactive center to a large extent, this model system was deemed representative. The computed
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barriers were compared with experimental and computed free energies of activation reported for an
amide cyclization and Finkelstein reactions by Arcelli et al.®? and Zaczek et al.®l, respectively.
Our computed barriers are in excellent agreement with these reports.

In order to gauge the experimental rates with our computational study and attempt to explain our
experimental observations, we computed free energy barriers for direct Sn2 substitutions on the
five model substrates 6a-e based on the potential energy surfaces in Figure 2. Qualitatively, the
predicted barriers follow the observed experimental rate trend 6a > 6e > 6d. The observed rates for
2d and 2b are not very different, so these are hard to distinguish experimentally without more
sophisticated experiments. Comparing the faster 2e with 2d, we see an experimental reaction rate
ratio of 1.65, corresponding to a free energy barrier difference of 0.3 kcal/mol. This is remarkably
consistent with the computed free energy barrier difference of 0.4 kcal/mol for the two Sn2
reactions, particularly considering error bars for DFT calculations.* Since our rate study was
conducted with 10-fold excess of iodide to ensure pseudo-first order Kinetics, the results likely
represent direct Sn2 substitution reactions of our chloride substrates, which is consistent with the

computational study.

25+

o]
=
1

AE (kcal/mol)

I I I I I I

1 1
3.4 3.2 3.0 2.8 2.6 24 2.2 2.0
C---1 bond length

Figure 2. Potential energy surface (PES) for the Sn2 reactions of 6a-e calculated using ®B97XD/6-
311G(d,p)/PCM/Acetone.
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Conversion of substrate 6a to the iodinated product clearly follows a classical Sn2 pathway owing
to the stabilizing interaction the adjacent pi-orbital has on the transition state, and the lack of
stability due to ring strain in the hypothetical three-membered intermediate in an anchimerically
assisted pathway. This was confirmed by scanning the potential energy surface as shown in Figure
3, which shows a classical SN2 trajectory.

For substrate 6b, the situation becomes more complex (Figure 4). Here the Sn2 pathway has a
29.0 kcal/mol barrier versus the alternative anchimerically assisted pathway, in which the amide
group expels chloride first, followed by iodide substitution. The latter pathway has a 28.4 kcal/mol
barrier for chloride extrusion, followed by rapid iodide attack on the intermediate product INT6b
with a barrier of only 14.8 kcal/mol. Although the anchimerically assisted pathway is slightly faster,
there is contribution from the direct Sn2 pathway as it has a barrier of only 0.6 kcal/mol higher than
the former. Moreover, at high iodide concentrations, the direct substitution could predominate. The
similarity of rate contributions from both mechanisms could explain why 2b appears to be slightly

faster than substrate 2d in our rate study.

C---I bond distance

7a+CI”

2 25 3 3.5 4 4.5
C---Cl bond distance
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Figure 3. Potential energy surface (PES) for the conversion of 6a to 7a calculated using
®B97XD/6-311G(d,p)/PCM/Acetone. The conversion of 6a to 7a follows an Sn2 reaction pathway

(see the white line).
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Figure 4. Energy diagram for the anchimerically assisted halogen exchange reaction mechanism in
substrate 6b.

Although we did not observe the desired product in case of substrate 2c, we computed free energy
surfaces for both anchimerically assisted and direct Sn2 pathways for the model compound 6c¢ also
(Figure 5). Here the anchimerically assisted pathway is predominant because of the 7.2 kcal/mol
lower free energy barrier. Furthermore, the calculations reveal why this substrate behaves
significantly different from the others. In this case, the cyclic intermediate is considerably more
stable than the substrate 6¢ by 3.6 kcal/mol, making INT6c a predominant reactive species in the
solution. The high concentration of INT6c, as well as the relatively high barrier for its iodide
substitution (31.4 kcal/mol), would render it more susceptible to hydrolysis and other side reactions,
which would explain the observation of hydrolyzed by-product 5 lacking the acyl group and none

of the desired iodinated product.
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Figure 5. Energy diagram for the halogen exchange reaction mechanism in substrate 6c.

The anchimeric pathway with 6d is favored as the cyclization barrier is 22.5 kcal/mol, about 5
kcal/mol smaller than the direct Sn2 pathway (Figure 6). The cationic intermediate INT6d is 6.5
kcal/mol less stable than the reactants, but can rapidly react with iodide ions to form the
corresponding product 7d with a barrier of only 17.4 kcal/mol. At low iodide concentrations, this

is certainly the predominant pathway. Unsurprisingly, the cyclization barrier goes up when moving
to the 7-membered ring cyclization of 6e with a 25.3 kcal/mol barrier (Figure 7). Otherwise the

situation is similar to that of the pathway for 6d.
The Finkelstein reaction depends on coupling with the precipitation of sodium chloride to provide

a driving force for the reaction. Our computational study demonstrates the endergonic nature of

these reactions in the absence of considering the precipitation process. The precipitation of sodium

chloride will render the chloride expulsion step irreversible.
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Figure 6. Energy diagram for the halogen exchange reaction mechanism in substrate 6d.
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Radiolabelling studies

Although our mechanistic analysis of the reactions above revealed that anchimeric assistance
modulation of substitution rates is not straightforward, we decided to attempt radiolabelling of 2a
to demonstrate the validity of the acylation-Finkelstein approach for radioiodination. Compound
2a readily undergoes substitution and was chosen based on the rapid substitution rate compared to
the higher chain analogues. In an attempt to maximize the radiochemical yield (RCY), water in the
commercially delivered Na!?| solution was evaporated in a concentration step before the reaction.
The reaction of 2a was subsequently analyzed by Radio-HPLC after 1 hour reaction time at 60°C.
The radiochromatogram of labelled 1%31-4a and HPLC-UV trace of cold 4a are shown in Figure 8.
These chromatograms confirm that the radiolabel is effectively incorporated into 4a.

A non-carrier added approach to the radiolabeling was attempted as shown in Scheme 6, and
produced radiolabeled compound %l-4a. The radiochemical yield (RCY) was determined by
comparing the product peak in the HPLC radiochromatogram relative to Na!?l and other
impurities. The RCY's were not corrected for activity lost in the HPLC, however, we did not observe
major losses when the column was screened for residual radioactivity. The RCY determined from
radio-HPLC was found to be 80%, whereas decay-corrected RCY for isolated *?%I-4a was found to
be 17%.

OTI/\CI B OT\I/\I*
SR o

Acetone

H H
N 1h, reflux N
\ \
N N
2a RCY 1231.4a
Radio-HPLC 80%
Isolated 17%

Scheme 6: Radiochemical yields (RCYs) observed for 12%]-4a.
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Figure 8: Analytical radiochromatogram of compound 1%1-4a compared to HPLC-UV (214nm)

trace of cold 4a reference.

Effective radiolabelling reactions must have a reasonable reaction rate in order to be of practical
use. In our study, only compound 2a underwent radioiodination at a high rate. However, a weakness
with the a-iodo substrate is that it is quite reactive and this will cause loss of the radiolabel in
physiological settings. As such, the longer chain analogues may be more interesting in order to
retain the label longer in the bioactive molecule. However, the substitution rates are rather slow, as
is supported by the computed barriers and our kinetic study, even at 60°C, and the conversions were
less than 50% after 11 hrs reaction time. A possible solution would be to increase the substitution
efficiency by employing microwave-irradiation. We tested this hypothesis by conducting the
reactions at 160°C in a microwave reactor and, to our delight, observed full conversion of all
substrates 2b, 2d and 2e to the corresponding iodides by NMR after only 5 minutes of reaction time
(see ESI). This approach allows us to employ the different chain lengths as desired and we can
expect to achieve radiolabelling in minutes. Moreover, we have shown that the longer chains

display relatively slow substitution rates at ambient temperatures, which could render them more
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interesting for imaging applications as they would retain the radiolabel longer in physiological

settings.

CONCLUSIONS

We have demonstrated a straight-forward acylation-Finkelstein approach to iodination and
radioiodination of amine-containing bioactives by using a recently developed GnRH antagonist
scaffold as a model system. The approach implies the use of anchimeric assistance by amide groups
to modulate radiosubstitution rates, which has been studied in molecular detail using chemical
synthesis, kinetics, high-level DFT-calculations and radiolabelling studies. The mechanistic studies
have revealed a complex interplay between competing mechanistic pathways and solvent effects
and show several fundamental aspects of amide group anchimeric assistance that have previously
not been reported. Amide group anchimeric assistance only appears to potentially increase
substitution reaction rates when 5- and 6-membered ring intermediates are involved. In the 5-
membered ring intermediate, its stability rendered it susceptible to side reactions.

Despite limitations, we have successfully conducted iodination in several systems and our
study shows that this strategy is most promising with the use of 2, 3, 5 and 6-carbon chloroacyl
groups. Radioiodination was demonstrated on the C2-system in very high analytical radiochemical
yield of 80%. A major conclusion is also that iodination could be effected rapidly under microwave
conditions for the slower 3-, 5- and 6-carbon systems, while they remain substitutionally stable at
physiological temperature — a potential major advantage for in vivo activity and further studies in

this area are underway.
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